Abstract Laboratory studies of electrochemical reduction of refractory metal oxides, e.g. TiO 2 and Ta 2 O 5 , in molten CaCl 2 often involve a graphite anode and a cell voltage of 3.0 V or higher, which deviates significantly from thermodynamic predictions. The causes considered in the past have included mechanistic, kinetic and dynamic complications of cathode reactions, but little was considered on anodic processes. This paper shows that oxidation of the O 2− ion on the graphite anode is also a significant contributor to the high cell voltages applied. Cyclic voltammetry in molten CaCl 2 containing added CaO (up to 2.51 mol%) suggested that O 2− oxidation on graphite proceeds dominantly in two steps as previously observed on glassy carbon. With increasing CaO concentration, the second step became rate-limiting over a wide range of potentials before the processes reached at diffusion controlled high current density. This understanding led to the proposal and experimental confirmation of a "low anode current density strategy" in potentiostatic reduction of thin cylindrical pellets of TiO 2 and Ta 2 O 5 in molten CaCl 2 at 850°C. It was observed that a 10-fold increase of the graphite anode area could decrease the cell voltage by about 1.0 V, which should save energy consumption by up to one third.
Introduction
Electrochemical reduction of various solid metal oxides to the respective metals and alloys has been successfully carried out in CaCl 2 -based molten salts at mild temperatures (500~1000°C) by many researchers since 2000 [1] [2] [3] [4] [5] . This process, known as the Fray-Farthing-Chen (FFC) Cambridge Process, is usually brought about by applying a constant cell voltage between typically a cathode fabricated from the metal oxide or a mixture of two or more metal oxides and a carbon or graphite anode. During electrolysis, the metal oxide is reduced to the metal or the oxide mixture to the alloy or intermetallic compound at the cathode. The reduction is accompanied by the release of the O 2− ion which transports through the molten salt via diffusion and convection, and then discharges at the graphite anode to produce mainly the CO 2 gas, although both CO and O 2 gases were also detected [6, 7] . The overall cell reaction can be expressed below with the electro-reduction of TiO 2 and Ta 2 O 5 at 850°C as examples,
where ΔE o is the standard cell voltage derived from the Gibbs free energy. However, in practice, a much higher cell voltage (3.0 Vor higher) was often applied to ensure completion of the reduction [8, 9] . Part of the reason for such significant differences between the theoretical and practically applied cell voltages may be attributed to the mechanism, kinetics and dynamics of the cathode reactions being more complicated than the simple reactions (1) or (2) . For example, the electro-reduction of TiO 2 in molten CaCl 2 actually involves several intermediate steps, including formation of Ca δ TiO x (perovskites, x/δ ≥2), TiO and Ti y O (pseudo-metal oxides, 6≥y≥1) [10] [11] [12] [13] . Of these intermediates, thermodynamic data of TiO are available in literature as shown below.
The cathode potential change from reaction (1) to (3) is 0.335 V, and it should be greater for the reduction of the pseudo-metal oxides. However, even with this consideration, cathode polarisations alone still cannot account for the significant difference between the theoretical and practically applied cell voltages. Cell resistance can of course contribute, but the effect would be limited when the electrolysis current decays with electrolysis time under constant voltage control.
It is therefore necessary to consider polarisations at the carbon anode where the O 2− ion discharges. An early study of the anodic behaviour of the O 2− ion was performed on a glassy carbon working electrode in molten CaCl 2 [14] . Two irreversible oxidation current waves were observed on the cyclic voltammograms (CVs). The separation between these two oxidation peaks was over 0.60 V, indicative of the oxidation of O 2− ions in two irreversible steps,
where the subscripts dis and ads denote the dissolved and adsorbed states, respectively. At potentials about 0.15 V more positive than the current peak potential for reaction (5), a fast increasing current appeared on the CVs. This oxidation current obviously defines the positive limit of the potential window of the molten salt and was thought to have resulted from Cl − ion oxidation on glassy carbon [14, 15] . However, thermodynamically, the following two reactions differ by 1.607 V in cell voltage at 850°C.
These two reactions suggest a comparable difference, i.e. 1.6 V, between the oxidation potentials of the Cl − and O 2− ions on a carbon electrode, which contradicts the cyclic voltammetric finding of only about 0.15 V. In other words, the anodic oxidation of O 2− ions on the glassy carbon electrode might show a large overpotential, which would seem to explain the commonly applied cell voltages of 3.0 V or higher in the FFC Cambridge Process. Or, is this really true? This paper reports preliminary findings from cyclic voltammetric and chronoamperometric studies of graphite electrodes of various surface areas in molten CaCl 2 containing added CaO in conjunction with electro-reduction of a TiO 2 or Ta 2 O 5 pellet counter electrode (cathode). It will be shown that, amongst other findings, the potential of the graphite anode and hence the cell voltage can be decreased by ca. 1.0 V upon a 10-fold increase of the anode area. This is a technically important and promising finding because the anode area increase can be readily achieved by geometric changes of the commonly used graphite rod anodes or by using porous carbon materials.
Experimental
Unless specified in the text and figure captions, chemicals and materials, and experimental setup and procedures used in this work were reported elsewhere [8, 9, 16, 17] .
Results and discussion
Reference electrodes In this work, electrode potentials were controlled or measured using two different reference electrodes, i.e. the quartz-sealed Ag/AgCl reference electrode [16] in molten CaCl 2 with no or low concentration of added CaO and a molybdenum (Mo) wire pseudo-reference electrode in molten salt containing a high concentration of added CaO. The use of the Mo pseudo-reference was mainly because of the known interactions between quartz and the O 2− ion in molten salts [16] . Figure 1 compares the CVs recorded on a graphite rod (4.3 mm in diameter) working electrode in molten CaCl 2 under argon (Ar) using the Ag/AgCl and Mo-wire (0.5 mm in diameter) as the reference electrode, respectively. The salt was thermally dried and pre-electrolysed at 2.6 V for 3 h under Ar in a graphite crucible. The potential in both cases was scanned to enable a significant increase of current (labelled as A1 in Fig. 1 ) from oxidation of the Cl − ion. Note that the disturbed current at potential more positive than 1.50 V (Fig. 1a) is indicative of bubbling of the Cl 2 gas as expected.
A comparison between Fig. 1a and b revealed the difference between these two reference electrodes was that the Mo-wire had a potential about 0.10 V more negative than that of the Ag/AgCl reference. The same difference was recorded when the potential was scanned negatively to enable reduction of SiO 2 (results not shown). In the following discussion, electrode potential data are reported after conversion with reference to the Ag/AgCl electrode for convenience of comparison.
Oxidation of O 2− ions In Fig. 1a , b, the insets are the enlarged portions of the respective CVs between 0 and 1.30 V, showing three small and irreversible oxidation waves, A2, A3 and A4. These features are not identical with previous observations on glassy carbon electrodes [14] , but may be attributed to the trace amount of O 2− ions resulting from hydrolysis of CaCl 2 during thermal drying in air. To further confirm this attribution, CaO was purposely added to the molten salts, and CVs were recorded as shown in Fig. 2 . At the lowest concentration of added CaO (3.3×10 −5 mol cm −3 which is the same as that reported in ref. [14] ), four irreversible oxidation waves appeared on the CVs as shown in Fig. 2a . Of these, A4 and A3 were more dominant in response to increasing the potential scan rate, seemingly corresponding to reactions (4) and (5), respectively, according to the literature [14] . It was observed that at high-potential scan rates and low CaO concentrations, a reduction wave C4 appeared as shown in Fig. 2a . C4 was not seen on glassy carbon [14] , but it implies that reaction (4) (in relation with A4) could be reversed in the absence of a sufficient supply of O 2− ions. This is consistent with that both C4 and A4 were not seen at higher CaO concentrations, suggesting reaction (4) becoming faster than (5). Concurrently, A3 increased in current but shifted negatively slightly in potential (compared at the same scan rate), indicating O 2− involvement in the related reaction. The small wave A4′ did not appear on CVs recorded on glassy carbon [14] nor on graphite at higher CaO concentrations. Thus, A4′ might have resulted from the C x O ads species undergoing a surface change following reaction (4), e.g. C x O→(x-1) C+CO and/or 2 C x O→2x C+O 2 , due to insufficient supply of O 2− ions to the electrode. Another argument is that with increasing the CaO concentration, the negatively shifting and increasing A3 might have concealed A4′.
Wave A2 was always observed. It was broad but did not form a clear current peak in most cases. At high CaO concentrations, disturbance to the current at more positive potentials of A2 often occurred as indicated in Fig. 2c , apparently due to formation of gas bubbles. It should be pointed out that this gas bubbling could start at about 1.2 V and was thus unlikely due to evolution of the Cl 2 gas which only occurred at potentials well beyond 1.5 V as shown in Fig. 1 . Apparently, both A3 and A2 increased in current with positive shift of the potential and hence should represent electron transfer reactions. This fact argues that in addition to reaction (5) which forms CO 2 , the oxidation of O 2− on graphite to produce CO or even O 2 should be considered. According to thermodynamic data at 850°C, O 2− oxidation on carbon to CO is about 70 mV more negative than that to CO 2 . Therefore, if reaction (5) is attributed to A2, reaction (8) below can be written for A3.
Either the CO or CO 2 molecules have to combine into a nucleus that then grows into a bubble before leaving the anode surface, which explains why gas bubbling was seen after the potential had been scanned into the high potential range of A2. Alternatively, the CO 2 molecules on the graphite surface could undergo other changes such as the following.
Note that reaction (9) can also hinder CO 2 gas bubbling, although the effect should be limited because of the very small Gibbs free energy change at the working temperature of 850°C.
A suspicion to the above attributions is that the electrode potentials for CO 2 and CO formation should differ by 70 mV thermodynamically, whilst A2 and A3 were far wider separated on the CVs in Figs. 1 and 2 . Thus, wave A2 may actually reflect the oxidation of O 2− ions on graphite directly to O 2 molecules via reaction (11) below [6] .
Reaction (11) is thermodynamically less favourable than formation of CO 2 (or CO) on a carbon electrode [cf. reaction (6)], which can account for the wide separation between A3 and A2. It could be kinetically feasible via, for example, reaction (4) and the following.
Nonetheless, even if reaction (11), likely via reactions (4) and (12), indeed occurred in the potential range of A2, the current of A2 should still have included contribution from A3 via reaction (5) . In other words, the gas bubbling as indicated in Fig. 2c might have included predominantly CO 2 , but also CO and/or O 2 [6, 7, 14] .
In all cases, the oxidation currents, particularly the peak current of wave A3, increased in proportion to the square root of the potential scan rate, suggesting diffusion control. With increasing CaO addition, the peak current of A3 also increased, as can be seen by comparing the CVs in Fig. 2 , but did not follow a simple linear correlation with the CaO concentration, which was also observed before [14] . It could be a result of the active sites on the surface of the graphite electrode becoming saturated and/or the formation of pairs of the O 2− ions with the Ca 2+ ions. In summary, although slightly more complicated, the anodic oxidation of the O 2− ion on the graphite electrode in molten CaCl 2 proceeds in two dominant steps as it is on the glassy carbon electrode [14] . The CV findings also indicate that the oxidation of O 2− ions on graphite, which predominantly forms CO 2 , and also probably produces CO and even O 2 , is electrochemically controlled over a wide range of potentials before arriving at the O 2− ion diffusion-controlled limit.
The low anode current density strategy The dominant appearance of wave A3 on the CVs in Fig. 2b , c at sufficiently high CaO concentrations suggests that reaction (5) may be the ratelimiting step for oxidation of the O 2− ion on graphite. In particular, Fig. 2c indicates that oxidation of the O 2− ion can reach a very high current density on graphite with increased potential before the current peak appears (which is relevant to the diffusion-controlled limit). This finding can be linked to the high cell voltages used in laboratory practices of the FFC Cambridge Process.
In practice, decreasing the anode polarisation may be achieved by either increasing the O 2− ion concentration or by decreasing the anode current density. Unfortunately, high O 2− ion concentrations can bring about an inevitable technical issue. The O 2− ion can react with the CO 2 molecule generated at the anode to form the CO 3 2− ions, i.e. reaction (9), which then can dissolve in the molten salt and transport back to the cathode to be reduced to carbon, and contaminate the cathode product [18] [19] [20] . In theory, at sufficiently high temperatures (>887°C), the CO 3 2− ion is unstable and hence does not exert a great impact. However, medium and low temperatures are preferred in practice for both energy and technical reasons. On the other hand, because it is desirable to have high current density on the cathode to enhance production rate, a practical way to decrease the anode current density is to increase the anode area in contact with the molten salt. Such a strategy, if proven, will not only help improve both the current and energy efficiencies but also clarify the causes for the use of high cell voltages in past FFC practices.
To demonstrate the feasibility of this "low anode current density" strategy, experiments were carried out on graphite anodes of different surface areas in contact with the molten CaCl 2 salt. In conjunction, a cylindrical porous pellet (15.1 mm in diameter, 0.9~1.0 mm in thickness) of the metal oxide (e.g. TiO 2 , Ta 2 O 5 and V 2 O 5 ) was used as the cathode whose potential was set and controlled against the Ag/AgCl reference electrode to ensure full reduction. In the experiments, the current, cell voltage and anode potential were monitored against experimental time.
Effect of anode surface area on TiO 2 reduction Figure 3 presents typical results obtained from potentiostatic reduction of TiO 2 in molten CaCl 2 that was contained in a graphite crucible and heated to 850°C. The cathode potential was set at −1.30 V to ensure reduction of the 1.0 g TiO 2 pellet according to past work [12] . It can be seen clearly that when the current decayed with electrolysis time (Fig. 3a) , both the cell voltage and anode potential decreased in the same manner (Fig. 3b) . In this case, the graphite anode had a surface area of ca. 28.6 cm 2 in contact with the molten salt, which means that the apparent or geometric anodic current density started at 276 mA cm −2 and ended at 10 mA cm −2
. The corresponding cell voltages measured were 3.34 and 2.61 V, respectively. The results presented in Fig. 3 confirm that the cell voltage for electro-reduction of TiO 2 is largely determined by the anode polarisation. A high cell voltage is not always necessary through the whole course of electrolysis, which is in line with previous findings from electro-reduction of Nb 2 O 5 [17] . More importantly, Fig. 3 also implies that it may be possible to reduce the anode polarisation by lowering the current density on the anode.
In another experiment, the graphite crucible (electrolyte contact area: 213.4 cm 2 ) and the abovementioned graphite rod (contact area: 28.6 cm 2 ) were alternatively used as the anode in the course of potentiostatic reduction of the 1.0-g TiO 2 pellet. It was observed that, as shown in Fig. 4a , upon switching the anode from the crucible to the rod, the current responded by a spike and then returned to its original path. However, Fig. 4b shows that both the cell voltage and the anode potential increased by about 750 mV and remained at that level until the anode was switched from the rod back to the crucible. In terms of absolute values, with the large crucible anode, the cell voltage maximised at 2.69 V and decreased to below 1.80 V soon after 1 h of electrolysis, as shown in Fig. 4b . Because the overall current experienced very little disturbance, it can be concluded that it was simply the (213.4/28.6=) 7.5-fold increase in the anode current density that had caused both the cell voltage and the anode potential to increase by 750 mV. This change in cell voltage can be translated to an energy saving of ca. 4.9 kWh kg reported before to ensure electro-reduction of Ta 2 O 5 [8] , but was selected to increase the reduction rate or shorten the electrolysis time. Two parallel experiments were carried out with one having the graphite rod anode, and the other the graphite crucible anode. Electrolysis lasted for a sufficiently long time to fully reduce the Ta 2 O 5 pellet. The energy consumption in both cells could then be compared.
In Fig. 5a , b, the current-time plots are shown for electrolysis with the graphite rod anode and the graphite crucible anode, respectively. The two plots are very similar to each other in shape. However, the plot obtained from the crucible anode cell exhibits a higher current peak (3.0 vs. 2.5 A), and a shorter time (0.25 vs. 0.28 h) for the current to reach the background level which is almost the same on both plots. These differences are actually not surprising, even though the Ta 2 O 5 pellet cathodes were almost identical in the two cells. According to the principle of potentiostatic electrolysis, the reaction on the working electrode (i.e. the Ta 2 O 5 pellet cathode) should not be affected by the counter electrode (i.e. the anode). However, this principle is technically only valid in a low current cell with insignificant uncompensated resistance between the working and reference electrodes [21] . In this work, the currents were very large; electrolyte resistance was uncompensated; and there were great differences in geometry between the two anodes. As a result, potential and current distributions on the cathodes should also differ in the two cells. In comparison with the rod anode, the crucible anode can offer more uniform potential and hence current distributions on the cylindrical pellet cathode. Consequently, the reduction of the oxide pellet would be more rapid in the crucible anode cell.
The cell voltage and anode potential of each cell were recorded as a function of time and are plotted in Fig. 5c, d , respectively. Again, the voltage of the crucible anode cell was significantly lower than that of the rod anode cell, thanks to the over 800-mV decrease in anode potential. To further verify this observation, the anode in one of the two cells was switched from the graphite rod to the graphite crucible, and the expected decreases in cell voltage and anode potential were observed as shown in Fig. 5e , f.
It was noticed that between the two cells, the differences in cell voltage (and also anode potential) were smaller in the initial period of electrolysis when reduction of the oxide pellet was actively proceeding. At the 4th minute of electrolysis, the voltage difference was 2.93-2.18=0.75 V, whilst at the 40th minute, it was 2.74-1.86=0.88 V. To visualise the difference, vertical dashed lines of identical lengths are superimposed in Fig. 5c, d . These differences apparently correlate to the initial current being larger in the crucible anode cell as can be seen in Fig. 5a , b. Because the cathode potential was fixed, the difference in voltage and its change should reflect the difference in potential loss, or polarisation, on the anode side. This can be understood by considering the relative anode current density in the two cells. For example, on the crucible anode, the currents at the peak and the 40th minute of electrolysis were 3.0 and 0.5 A, and the respective currents were 2.5 and 0.5 A on the rod anode. Thus, the current density ratio at the peak, 3.0/2.5, is larger than that at the 40th minute, 0.5/0.5. This comparison can be extended to other currents in the initial reactive period and the currents in the later period at the background level. In other words, considering that the anode polarisation should correlate the current density, the crucible anode experienced a relatively larger change in polarisation from the current peak period to the background period. This in turn resulted in smaller differences in cell voltage between the two cells in the current peak period.
It is worth noting that in Fig. 5d , the potential of the rod anode increased to over 1.5 V, whilst the crucible anode potential remained below 0.9 V in the current peak period. This difference implies the occurrence of Cl − ion oxidation on the rod anode, but only O 2− ion oxidation on the crucible anode according to the CVs in Fig. 2 . Thus, increasing the graphite anode area is beneficial to not only energy saving but also avoiding the unwanted anodic production of the Cl 2 gas. Another point worth mentioning is that in Figs. 3b, 4b and According to the CVs in Fig. 2 , at 0.4 V, the anode reaction (5) associated wave A3 should have already started and been able to continue because the diffusion limit potential was still distant. On the contrary, at 1.3 V or more positive potentials, reaction (5) had reached at the diffusion limit of O 2− ions, and other reactions associated with A2 and even A1 must have started and continued concurrently with reaction (5).
Therefore, findings from both cyclic voltammetry and potentiostatic electrolysis in this work are in good agreement to confirm the feasibility to decrease the anode potential to as low as 0.4 V by simply increasing the anode area.
Despite of the differences in current, the charges passed in the two cells at times when the current reached at the background level and when the electrolysis ended were very comparable (474 vs. 480 mAh and 773 vs. 786 mAh, respectively). Because the theoretical charge for complete reduction of In Fig. 6 , the average cell voltage and anode potential measured in different cells in the period after 60 min of electrolysis are plotted against the S/M ratio. In both cases, the data could be fitted by very similar exponential functions which imply a relation with the Butler-Volmer equation for irreversible electrode reactions. It is evident that under conditions of this work for potentiostatic reduction of Ta 2 O 5 , the cell voltage is determined largely by electrochemical polarisation on the anode, instead of mass transport in the electrolyte. Therefore, for reduction of the same amount of Ta 2 O 5 on the cathode, increasing the anode area is highly effective for decreasing the cell voltage, and hence saving energy consumption. It should be pointed that although the data presented in this paper are only for electro-reduction of Ta 2 O 5 and TiO 2 , the findings and understandings should be generic and applicable to other metal oxides.
Conclusions
The anodic behaviour of graphite in molten CaCl 2 with or without added CaO at 850°C has been studied by cyclic voltammetry, revealing a dominant two-step mechanism of anodic oxidation of the O 2− ion in line with that on glassy carbon as previously reported. In addition, it has been found that increasing the CaO concentration in the molten salt can facilitate the first oxidation step (O 
